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ABSTRACT: 

Holographic  polymerization  (H-P)  has  been  used  to  fabricate  polymer  dispersed  liquid  crystals 
and  pattern  inert  nanoparticles.  In  this  article,  one  dimensional  grating  structures  of  Norland 
resin  and  polyethylene  glycol  (PEG)  was  achieved  using  the  H-P  technique.  Both  reflection  and 


transmission  grating  structures  were  fabricated.  The  optical  properties  of  the  reflection  grating 
structures  (also  known  as  Bragg  reflectors  BRs)  are  thermosensitive,  which  can  be  attributed  to 
the  formation  and  crystallization  of  PEG  crystals.  The  thermal  switching  temperature  of  the  BR 
can  be  tuned  by  using  different  molecular  weight  PEG  samples.  The  hierarchical  structure  and 
morphology  of  the  BR  were  studied  using  synchrotron  X-ray,  polarized  light  microscopy  and 
transmission  electron  microscopy.  PEG  crystals  were  found  to  be  confined  in  ~60  nm  thick 
layers  in  the  BR.  Upon  crystallization,  the  PEG  lamellae  were  parallel  to  the  BR  surfaces  and 
PEG  chains  were  parallel  to  the  BR  normal,  resembling  the  confined  crystallization  behavior  of 
polyethylene  oxide  (PEO)  in  PEO-block-polystyrene  (PEO-b-PS)  block  copolymers.  This 
observation  suggests  that  the  tethering  effect  in  the  block  copolymer  systems  does  not  play  a 
major  role  in  PEG  chain  orientation  in  the  confined  nanoenvironment. 
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INTRODUCTION: 


A  number  of  different  methods,  including  colloid  crystal  assembly  lithography  technique 
and  block  copolymer  (BCP)  self-assembly,  have  been  used  to  fabricate  wavelength  scale 
photonic  structures  in  order  to  mold  the  flow  of  light.  (1-5)  A  drawback  of  these  techniques  is  the 
required  lengthy  sample  preparation.  In  the  latter  case,  defects  inherent  in  BCPs  hinder  the 
formation  of  large-scale,  pristine,  structures  although  a  number  of  methods  have  been 
proposed. (6-9)  Recently,  holographic  photopolymerization  (H-P)  has  been  proven  to  be  a  simple, 
fast  and  attractive  means  to  fabricate  one-,  two-  and  three-dimensional  (ID,  2D,  3D)  complex 
photonic  structures  at  a  relatively  large  scale.(lO)  During  the  H-P  process,  a  photopolymerizable 
syrup  is  exposed  to  two  or  more  coherent,  interfering  laser  beams,  which  create  a  standing  wave 
pattern.  Higher  intensity  regions  within  the  standing  wave  result  in  a  locally  faster 
polymerization  process,  which  leads  to  a  spatial  distribution  of  high  molecular  weight  (Mw) 
polymers.  Pure  polymer  films  with  a  periodic  refractive  index  (RI)  modulation  normal  to  the  film 
surface  (reflection  geometry)  were  first  fabricated  several  decades  ago.(l  1-13)  This  unique 
technique  was  extended  in  the  mid-90’s  by  including  low  molar  mass,  anisotropic  liquid  crystals 
(LCs)  in  the  polymerization  syrup.  Non-reactive  LCs,  normally  -20-30  (w/w)%  of  the  syrup,  are 
mixed  with  photopolymerizable  monomers,  initiators  and  surfactants.  H-P  of  this  mixture  leads 
to  periodically  patterned,  nanoscale  LC  droplets,  a  structure  known  as  holographic  polymer- 
dispersed  liquid  crystals  (HPDLC).(IO)  The  RJ  contrast  can  be  easily  controlled  by  applying 
external  electric  fields  and  the  optical  properties  of  HPDLC  can  thus  be  modulated.  Novel  3D 
photonic  crystal  structures  were  also  formed  by  using  a  multiple-beam  set-up.(14-17) 

Due  to  the  fast  kinetics  of  photopolymerization,  these  holographic  structures  can  be 
fabricated  within  seconds  and  the  symmetry,  dimensionality,  size  and  RI  modulation  can  be 
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easily  controlled  by  the  fabrication  conditions.  In  addition  to  patterning  LCs,  a  variety  of 
nanosized  objects  have  also  been  patterned  into  ordered  photonic  structures.(l  8)  In  theory,  if  the 
nanosize  objects  do  not  affect  the  polymerization  process,  they  could  be  patterned  into  ordered 
structures  using  the  H-P  method.  However,  phase  separation  during  the  photopolymerization 
process  is  rather  complicated  and  often  times,  the  rate  of  phase  separation  between  the 
crosslinked  resins/monomers  and  the  to-be-patterned  objects  has  to  occur  in  a  similar  rate  as 
p  ho  top  o  1  ym  er  i  zti  o  n .  Miscibility  and  viscosity  dictate  the  phase  separation  kinetics,  which,  in  turn, 
account  for  the  formation  of  the  ordered  nanostructures.  By  replacing  the  LC  with  gold 
nanoparticles  (5  rail  in  diameter),  polystyrene  (PS),  latex  spheres  (260  nm  diameter)  or  silicate 
nanoplates,  H-P  led  to  ID  structures  with  spatially  patterned  nanoparticles  and  the  periodicity  is 
approximately  a  few  hundreds  nanometers.(18) 

We  recently  investigated  reflection  grating  structures — BR— formed  by  H-P  of  a  syrup 
containing  photopolymerizable  monomers  (Norland  resin),  initiators  and  an  inert  polymer, 
polyethylene  glycol  (PEG). (19)  Using  PEG  to  replace  previously  reported  LC/nanoparticles, 
uniform  1 D  BR  structures  could  also  be  formed,  although  PEG  molecules  are  much  larger  in  size 
than  that  of  small  molecular  mass  LCs.  The  grating  was  formed  due  to  the  lamellar  ordering  of 
crosslinked  Norland  resin  and  semi-continuous  layers  of  PEG.  Interestingly,  the  reflecting 
wavelength  red  shifts  approximately  twenty  nanometers  while  the  DE  concurrently  increases 
upon  heating.  This  thermoswitching  behavior  was  attributed  to  the  PEG  crystal  formation  and 
melting  during  the  cooling  and  heating  processes.  The  structure  and  crystallization  behavior  of 
PEG  BR  are  investigated  in  this  paper.  PEG/Norland  BR  with  different  Mw  PEG  samples 
thermally  switched  and  transmission  optical  structures  of  PEG/Norland  were  also  fabricated.  The 
transition  temperature  depends  on  the  PEG  Mw.  Detailed  synchrotron  X-ray  studies  show  that 
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the  holographic  polymer  dispersed  polymer  (HPDP)  structure  provides  nanoconfmement  during 
the  PEG  crystal  structure  formation.  All  the  PEG  crystals  confined  by  HPDP  investigated 
contained  PEG  chains  that  are  exclusively  parallel  to  the  BR  normal.  Comparisons  of  the  HPDP 
structure  with  the  previously  investigated  nanoconftned  crystallization  of  PEO  in  block 
copolymers  arc  discussed. 


EXPERIMENTAL 

Materials 

The  formulation  of  the  prepolymer  syrup  consisted  of  15-30  (w/w)  %  PEG,  65-80% 
crosslinks  hie  monomer  and  3-5%  photoinitiators.  PEG  with  MW  2000,  4600,  8000  g/mol  were 
purchased  from  Aldrich  Co..  The  crosslinkable  polymer  was  a  commercially  available  thiol-ene 
polymer  known  as  Norland  Optical  Adhesive  65  and  Norland  Blocking  Adhesive  107  from 
Norland  Products  Inc..  The  photoinitiator  was  Darocure©  4265  from  CIBA-GEIGY  company. 
All  materials  were  used  as  received. 


Formation  of  Holographic  Bragg  Grating 

The  fabrication  of  reflection  gratings  was  achieved  using  a  Coherent  Ar-ion  laser  (model 
Sabre  innova  10R72)  with  a  laser  wavelength  of  363.8  run  and  an  output  power  of  -  300  mW 
using  a  single  beam  configuration  as  shown  in  Figure  la.  The  interference  pattern  that  arises 
from  the  internal  reflection  of  the  beam  on  the  hypotenuse  of  an  isosceles  90°  glass  prism  results 
in  the  formation  of  a  grating.  The  cell  was  placed  in  optical  contact  with  the  prism  hypotenuse 
using  an  index-matching  fluid  and  the  exposure  time  was  typically  30-60s.  The  prism  and  the 
cell  assembly  were  placed  on  a  rotation  stage  to  change  the  notch  wavelength.  Transmission 
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gratings  can  also  be  obtained  in  the  present  system;  the  laser  set-up  for  the  transmission  grating 
writing  is  shown  in  Figure  lb,  A  diffuse  UV  laser  was  split  into  two  beams  using  the  prism  and 
these  beams  were  converged  on  the  BR  cell  forming  a  grating. 

Characterization 

Bright- field  transmission  electron  microscopy  (BFTEM)  w^as  performed  on  a  JEOL 
2000FX  TEM  with  an  accelerating  voltage  of  120  kV.  A  Reichert  Ultracut  cryo-ultramicrotome 
was  used  to  microtome  the  BR  sample  with  a  DiATOME  35°  diamond  knife,  60nm  thin  sections 
of  the  sample  were  cut  and  floated  on  the  water  surface  and  subsequently  collected  on  a  TEM 
copper  grid. 

Polarized  light  microscopy  (PLM)  was  performed  on  an  Olympus  BX-51  coupled  with  a 
Mettler-Toledo  hot  stage  FP-90.  The  image  was  captured  using  an  Insight  digital  camera. 
Isothermal  characterization  was  carried  out  by  preheating  gratings  on  a  hotplate  at  90°C  then 
transferred  to  a  Mettler  Toledo  hotstage  for  observation. 

Optical  characterization  of  the  reflection  gratings  was  carried  out  using  an  Ocean  Optics 
fiber  spectrometer,  A  white  light  source  coupled  to  a  fiber-optic  delivery  system  was  used  as  the 
light  source. 

2D  SAXS  experiments  were  carried  out  at  the  synchrotron  X-ray  beamline  X-27C  at  the 
National  Synchrotron  Light  Source  in  Brookhaven  National  Laboratory,  The  zero  pixel  of  the  2D 
SAXS  pattern  was  calibrated  using  silver  behenate  with  the  first-order  scattering  vector  q  being 
1 .076  nm1.  The  air  scattering  was  subtracted.  The  X-ray  beam  spot  was  0.1  mm  in  diameter.  The 
X-ray  beam  was  aligned  parallel  to  the  surface  and  normal  directions  of  the  sample.  2  D  WAXD 
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patterns  were  also  recorded  at  room  temperature  in  the  same  set  up  with  the  sample  to  detector 
distance  of-  15-19  cm. 

RESULTS  &  DISCUSION: 

Temperature  sensitive  Bragg  grating  from  PEG/Norland 

A  1 D  BR  was  written  using  a  single  beam  configuration  as  previously  discussed.  Figure 
2a  shows  the  transmission  spectra  of  PEG/Norland  grating  with  different  Mw.  Reflection  peaks 
with  modest  diffraction  efficiency  (-30%)  can  be  seen.  The  notch  position  is  -  600-610  nm, 
which  can  be  tuned  by  changing  the  incident  angles  of  the  set-up.  The  formation  of  DE  indicates 
a  RI  modulation  in  the  BRS  which  is  due  to  the  spatial  distribution  of  crosshnked  photopolymer 
and  PEG.  Thin  cross  sections  (~  60  nm  thick)  wrere  obtained  by  ultramicrotoming  along  the  film 
normal  direction  at  room  temperature.  Figure  2b  shows  a  TEM  micrograph  of  a  thin  section  of 
the  grating  of  Norland  65  and  PEG200Q.  Similar  to  previously  reported  PEG  4600/Norland  65 
sample,  a  long  range  uniform  layered  structure,  with  alternating  dark  and  light  regions  is  evident 
from  the  micrograph.  Unlike  holographic  polymer  dispersed  liquid  crystal  systems,  which  form 
droplets  of  100-200  nm  in  diameter  confined  within  the  polymer  matrix,  the  PEG  layers  form  a 
continuous  layered  structure  with  a  lamellar  spacing  of  -  200  nm.  The  unique  morphology  may 
be  due  to  a  slower  phase  separation  process  of  PEG  and  Norland  during  polymerization  as 
opposed  to  LC/Noriand  systems. 

In  the  previous  study,  the  notch  position  as  well  as  the  DE  of  these  HPDP  films  could  be 
modulated  by  varying  the  temperature:  as  the  temperature  increases,  both  the  notch  position  and 
the  DE  increase  and  the  reverse  occurs  upon  cooling+(19)  This  is  due  to  PEG  going  through  a 
crystal-melt  transition,  the  volume  increases  and  the  BR  grating  expands,  which  in  turn,  leads  to 
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a  red  shift  of  the  notch  as  observed  in  the  transmission  spectra.  Furthermore,  the  refractive  index 
of  PEG  is  smaller  in  the  amorphous  state.  Since  the  RI  of  the  Norland  resin  is  higher  than  that  of 
PEG,  decreasing  PEG  RI  leads  to  an  increase  of  the  RI  contrast  between  the  Norland  resin  and 
the  PEG  layer;  this  dramatically  increased  the  DE  of  the  BR.  The  melting  points  of  the  PEG 
crystal  depends  on  the  polymer  molecular  structure  such  as  Mw  leading  to  the  speculation  that 
different  Mw  PEG  BR  might  have  different  thermos' witching  temperatures. 

In  order  to  confirm  this  hypothesis,  three  different  Mw  PEG  samples  wrere  used  for  the 
thermal  switching  experiments.  Figure  3  shows  the  notch/DE  vs.  temperature  plots  for 
PEG2 000, 'Norland,  PEG4600/Norland,  and  PEGS 000/N orl and  systems.  Figures  3a,  c  and  e 
exhibit  the  characteristic  red  shift  and  increase  in  DE  during  the  heating  cycle  while  Figure  3b,  d 
and  f  show  the  reverse  effects  of  the  cool  ing  process.  The  transition  temperatures  can  be 
identified  as  46  °C,  50  °C  and  57  °C  upon  heating  PEG2000/Norland,  PEG460Q/Norland,  and 
PEGSOOO/Norland  samples.  Upon  cooling,  PEG4600/Norland  and  P EG 8 000/N orland  showed 
30  °C  and  35  °C  transitions.  The  various  switching  temperatures  can  be  attributed  to  the 
different  melting  points  of  the  PEG/Norland  gratings.  The  PEG2G00/Norland  BR  cooling  curve 
shows  that  the  notch  position  and  DE  do  not  have  a  sharp  change,  but  a  gradual  decrease  in  DE 
and  notch  position.  This  is  attributed  to  the  slow  crystallization  kinetics  of  the  PEG  2000  in  the 
HPDP  at  room  temperature.  Therefore,  a  thermosensitive  BR  with  the  switching  temperatures 
ranging  from  30  °C  to  57  °C  can  be  readily  obtained. 

Transmission  grating  based  on  PEG  and  Norland  resin  was  also  achieved  using  the  set-up 
previously  discussed  and  the  DE  was  measured  to  be  ~  1 .5%.  The  Bragg  diffraction  angle  was 
~  46°,  leading  to  a  d-spacing  of  439  nm,  wrhich  was  confirmed  by  the  SEM  results.  Figure  4 
shows  a  SEM  micrograph  of  the  surface  of  transmission  grating  of  PEG400  (19%)/Methanol 
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(10%)/Norland  107  (68  %)/  Darocure©  4265  (3%).  Methanol  was  added  to  decrease  the  system 
viscosity.  I  D  layer  structure  can  be  seen  from  the  figure,  indicating  that  PEG  was  patterned 
using  the  II-P  technique  with  the  transmission  grating  geometry  (note  that  this  sample  was  not 
mircrotomed).  The  transmission  grating  shows  the  buckling  effect  along  the  layer  direction,  this 
may  be  attributed  to  the  shrinkage  of  the  grating  structure  after  methanol  evaporated.  A  detailed 
study  is  ongoing  to  quantitatively  understand  the  relationship  between  the  buckling  and  the 
methanol  contents. 

PEG  phase  structure  and  morphology  in  the  confined  HPDP 

Since  PEG  molecules  are  confined  within  the  crosslinked  Norland  resin  layers,  the 
present  BR  also  provides  an  excellent  system  to  study  the  confined  crystallization  behavior  of 
PEG.  Synchrotron  X-ray  diffraction  and  PLM  experiments  were  employed.  The  HPDP  cell  was 
opened  using  a  razor  knife  and  thin,  free-standing  films  (~  10  pm)  were  obtained.  This  film  was 
subjected  to  2D  XRD  studies.  Figure  5  shows  the  XRD  pattern  of  PEG/Norland  BRs  with  X-ray 
aligning  parallel  (Figure  5a,  c,  e  and  g),  and  perpendicular  (Figure  5b,  d,  f  and  h)  to  the  gratings, 
respectively.  Figure  5a  and  b  are  schematic  representations  of  the  experimental  set-up.  In  Figure 
5c,  e  and  g  the  XRD  patterns  show  orientation  while  in  Figure  5d,  f  and  h  only  ring  patterns  were 
obtained.  Detailed  investigation  determined  that  the  inner  diffraction  arcs  can  be  assigned  as 
(120)  with  a  d-spacing  of  0.493  nm  and  the  outer  diffraction  can  be  assigned  as  the  overlap  of  (- 
132),  (032),  (112),  (-212),  (124),  (-204),  and  (004)  reflections  with  a  d-spacing  of  0.396  nm.  In 
Figure  5c,  e  and  g  it  is  clear  that  the  (120)  diffractions  are  located  on  the  meridian  direction 
while  the  outer  (-132),  (032),  (112),  (-212),  (124),  (-204),  and  (004)  reflections  are  located  in  the 
quadrants,  as  shown  in  the  azimuthal  scan  (Figure  6).  Note  that  in  the  parallel  alignment,  the  BR 
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film  is  parallel  to  the  X-ray  and  the  meridian  direction;  all  the  (120)  planes  are  parallel  to  the 
equator  of  the  XRD  pattern.  While  the  unorientated  diffraction  patterns  in  the  perpendicular  set¬ 
up  indicate  that  the  PEG  crystals  do  not  have  any  in -plane  orientation.  Combining  these  two 
diffraction  patterns,  one  can  conclude  that  in  the  patterned  regions  of  the  HPDP,  PEG  forms 
lamellar  crystals  and  all  the  PEG  chains  are  perpendicular  to  the  HPDP  BR  surface. 

Figure  7  shows  the  PLM  observation  of  the  PEG  HPDD  structures.  All  the  polymers 
were  dissolved  in  the  monomer  syrup  before  writing  (for  PEG  8000,  heating  was  applied  to 
ensure  the  homogeneous  syrup);  solidification/crystallization  occurs  during/after  polymerization. 
It  was  observed  that  for  the  as-written  samples,  both  the  grating  region  and  the  unpattemed 
region  show  grainy  texture  while  the  grating  areas  have  much  lower  birefringence.  After  melt 
and  recry stallzation,  2D  sphemlitical  growth  was  observed  in  both  sections,  and  the  unpattemed 
region  retains  a  higher  birefringence  than  the  patterned  area.  Multilayer  growth  can  be  observed 
in  the  grating  as  shown  in  Figures  7  (arrows).  This  may  be  due  to  the  crystal  growing  in  different 
layers  of  the  grating.  The  relatively  weak  birefringence  in  the  patterned  region  suggests  that 
polymer  chains  are  parallel  to  the  film  normal  resulting  in  weak  in-plane  birefringence.  The  PLM 
observation  is  thus  consistent  with  the  XRD  results. 

Figure  8  shows  the  schematic  representation  of  the  hierarchical  structures  of  the 
PEG/Norland  BIG  On  the  ~60  nm  level,  lamellar  layered  structures  wdth  two  crosslinked  Norland 
layers  confining  PEG  molecules  between  them  provide  hard  nanoconfinement.  Upon 
crystallization,  PEG  chains  are  parallel  to  the  layer  normal  and  the  (120)  planes  are 
perpendicular  to  the  layer  surface.  Confinement  growth  of  polymer  single  crystal  has  been 
extensively  studied  in  block  copolymer  systems.  Crystal  orientation  was  observed  to  depend 
upon  the  crystallization  conditions  and  the  same  crystal  orientation  was  observed  for 
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recrystallizing  PEO-b-PS  sample  (M„PEO  ~  8.7K  and  Mn  ps  ~  9.2  K)  at  temperatures  higher  than 
35  °C.(20)  The  lamellar  periodicity  is  ~  18.7  nm.  In  the  present  case,  the  HPDP  stmeture 
possesses  a  much  larger  scale  compared  to  the  previous  block  copolymer  systems,  indicating  the 
nanoconfinement  effect  can  also  be  observed  at  ~60  nm  scale.  Furthermore,  the  PEG  molecules 
are  not  tethered  to  the  Norland  matrix.  The  previous  argument  regarding  the  tethered  junction  of 
BCPs  could  induce  a  near  perpendicular  orientation  to  the  inter-material  dividing  surface  can  be 
excluded  in  the  present  ease.  The  perpendicular  chain  orientation  of  the  PEG  crystal  appears  to 
be  a  thermodynamically  more  stable  state.  The  in-plane  orientation  of  the  PEG  allows  the  <120 
direction  of  the  PEG  to  be  parallel  with  the  HPDP  surface,  leading  to  much  larger,  more  stable 
polymer  crystals.  In  contrast,  tilted  or  parallel  chain  orientation  would  lead  to  a  <120  direction 
that  is  oblique/perpendicular  to  the  HPDP  surface,  the  crystal  would  quickly  meet  the  solid 
confinement  wall  of  the  HPDP.  Large  size  crystals  are  thus  prohibited,  which  in  turn,  reduce  the 
overall  stability  of  the  crystals.  Thus,  nanoeonfinement  effect  on  PEG  crystallization  was 
confirmed  in  the  current  HPDP  system. 


CONCLUSION: 

BR  structures  were  fabricated  using  holographic  polymerization  of  several  PEG/  Norland 
systems.  Uniform  lamellar  structures  were  formed  with  periodicity  ~  200  nm.  The  RI  modulation 
between  Noland  resin  and  PEG  led  to  the  observation  of  a  reflection  notch  in  the  transmission 
spectra.  The  notch  position  and  the  DE  can  he  thermally  shifted.  The  switching  temperature  was 
determined  by  the  melting  and  crystallization  temperature  of  PEG.  In  addition,  the  switching 


temperature  was  also  be  tuned  by  using  different  Mw  PEGs;  switching  temperatures  from  30  °C 
to  57  °C  were  obtained.  Both  reflection  and  transmission  grating  structures  were  achieved.  The 
hierarchical  structure  of  the  BR  and  PEG  crystal  were  studied  using  synchrotron  X-ray  and  the 
PEG  crystal  lamellae  were  parallel  to  the  BR  surface  and  the  chain  axis  was  parallel  to  the  BR 
normal.  Compared  to  the  confined  crystallization  of  PEO  studied  in  the  block  copolymer  cases, 
the  current  system  possesses  larger  nanodomain  thickness  and  the  PEG  chains  are  not  tethered  to 
the  interface.  The  orthogonal  orientation  of  the  lamellae  is  attributed  to  the  thermodynamic  stable 
state  of  the  crystal. 
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Fig.  1  Experimental  set-up  for  one  prism:  (a)  reflection  grating  and  (b)  transmission  grating 
writing. 

Fig.  2  (a)  Transmission  spectra  of  the  reflection  gratings  of  PEG  and  Norland  65  adhesives.  The 
baselines  have  been  offset  for  clarity  in  display  of  the  spectra,  (b)  TEM  micrograph  of  a  thin 
section  of  a  PEG  2000/  Norland  65  reflection  grating. 

Fig,  3  Plots  of  the  notch  position  and  DE  change  with  respect  to  temperature  in  transmission 
spectra  of  the  PEG/Norland  65  systems:  (a)  PEG  2000/Norland  65  on  heating;  (b)  PEG 
2000/Norland  65  on  cooling;  (c)  PEG  4600/Norland  65  on  heating;  (d)  PEG  4600/  Norland  65  on 
cooling;  (e)  PEG  8000/Norland  65  on  heating;  (f)  PEG  8000/Norland  65  on  cooling. 

Fig*  4  SEM  micrograph  of  the  surface  of  a  PEG/Norland  transmission  grating. 

Fig.  5  2D  X-ray  pattern  of  PEG/Norland  grating.:  (a)  X-ray  set-up  for  parallel  setting;  (b)  X-ray 
set-up  for  perpendicular  setting;  (c)  2D  X-ray  pattern  for  parallel  setting  PEG  2000/Norland;  (d) 
2D  X-ray  pattern  for  perpendicular  setting  PEG  2000,/NorIand;  (e)  2D  X-ray  pattern  for  parallel 
setting  PEG  4600/Norland;  (f)  2D  X-ray  pattern  for  perpendicular  setting  PEG  4600/Norland;  (g) 
2D  X-ray  pattern  for  parallel  setting  PEG  8000/Norland;  (h)  2D  X-ray  pattern  for  perpendicular 
setting  PEG  8000/Norland; 

Fig.  6  Azimuthal  scan  of  the  2D  XRD  patterns  in  Figure  5:  (a)  perpendicular  setting  PEG 
/Norland,  first  ring  d-spacing  =  0.498  nm;  (b)  perpendicular  setting  PEG  /Norland,  second  ring 
d-spacing  -  0.396  nm;  (c)  parallel  setting  PEG  /Norland,  first  ring  d-spacing  =  0,498  nm;  (d) 
parallel  setting  PEG  /Norland,  first  ring  d-spacing  =  0,396  nm. 

Fig.  7  PLM  micrograph  of  PEG  4600/Norland/  BR:  a)  grating  area  and  b)  non  grating  area. 

Fig.  8  Schematic  representation  of  the  hierarchical  structure  of  PEG/Norland  BR:  (a)  lamellar 
structure  are  formed  with  a  periodicity  of  ~20Q  nm;  (b)  with  in  the  PEG  layers,  PEG  crystals  are 
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formed  and  the  lamellar  crystals  are  parallel  to  the  BR  surface  and  the  PEG  chains  are  parallel  to 
the  BR  normal. 


16 


17 


Transmission  (arbitrary) 


lynr* - r 

— 'jtftfvCG  l*.  2W» 

-^E  fcttC 

““mpfEGHiKH 

IT^'"  1 

a 

400  500  600  700  800 


Wavelength  (nm) 


Fig  2 


18 


Wavelength  (nm)  Waval&nglh  fnm}  Wavelength  (nm) 


40 

36 

32 

26 

24 

20 

16 

12 

8 


Fig.  3 


DE  (%)  DE  DE  {%) 


Fig.  4 


20 


Fig.  5 


21 


Relative  Intensity  (a.  u.)  Relative  Intensity  (a,  u,) 


PEG  8000 

s 

>* 

PEG  8000 

PEG  4600 

c 

B 

c 

PEG  4600 

a 

PEG  2000 

> 

ra 

Q) 

0 C 

b 

PEG  2000 

. . i 

0  50  100  150  200  250  300  350  0  50  100  150  200  250  300  350 


<I>  (degree)  <I>  (degree) 


22 


” 


c 


Fig7 


23 


Fig.  8 


24 


